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ABSTRACT 
The center-of-gravity search scheme is a search 
strategy in which the center-of-gravity of a three point 
test pattern is used to establish the direction of move- 
ment with respect to the geometric center.  The center-of- 
gravity is a weighted average of the test points in which 
the weighting is provided by the value of the index of 
performance at each test point.  The geometric center is 
the unweighted average of the test points. 
The center-of-gravity method for improving machining 
conditions was found to be capable of determining cutting 
conditions which were economically superior to conditions 
recommended in the machinability handbooks.  A procedure 
to apply the technique in a typical job shop environment 
without involving high expenditures was developed and 
tested on the turning, milling and drilling operations. 
In the experiments conducted using the above procedure, 
0 to 29% cost reduction in machining was achieved on the 
turning, milling and drilling operations, in a relatively 
short period of time. 
The procedure was also found to be simple and easy to 
apply in the machine shop environment. 
CHAPTER  1 
INTRODUCTION 
Introduction 
In industry today, tens of billions of dollars are 
spent annually in the processing of metals.  To compete 
in the local or the international market, any manufac- 
turing firm or any country is highly dependent on the 
cost of its manufacturing processes.  Hence, economic 
machining and increased productivity are of tremendous 
importance in industry today.  These can be obtained in 
1 
several ways. 
1. Efficient utilization of machine tools obtained 
by minimizing down time and other inefficiencies 
at each machine. 
2. Utilization of improved cutting tools. 
3. Employment of good work handling methods to 
minimise work handling and other costs associated 
with it. 
4. Replacing obsolete machinery and thereby keeping 
pace with improved equipment. 
5. Analysing the cutting operations and adjusting 
speeds and feeds properly in order to achieve 
optimum production or minimum cost.  This, in 
particular, involves the optimization of the 
machining conditions on the basis of an index 
of performance such as minimum cost per piece, 
maximum production rate, minimum cost per cubic 
centimeter of material removed etc. 
In the past, the machining conditions in a metal cut- 
ting operation have been determined through the use of 
recommendations found in machinability handbooks.  These 
Adapted from J.P. Vidosic, "Metal Machining and 
Forming Technology."  The Ronald Press Co., 1964 
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conditions have been found to be conservative and not 
representative of conditions which are economically 
optimum.  The inherent variability in the machining 
process has been one of the reasons for the machinability 
handbooks to adopt a conservative approach.  Such an 
approach is perhaps a reasonable one.  However, for a 
particular work piece, there may be a great potential for 
improvement over the recommended conditions.  By not 
operating at conditions which approach the optimum the 
machine shop suffers an opportunity cost.  This cost may 
be significant depending on the particular work and tool 
combination. 
The variability in the machining process is to a con- 
siderable extent dependent on various factors like work 
material, cutting tool, cutting conditions, machine tool 
set up, etc.  It has been found that under identical cut- 
ting conditions, material and cutting tool, the tool life 
varies significantly.  Various sources->,of error contribute 
to this.  Some of them being the hardness variation of the 
work material, measurement errors in the time and flank 
wear, speed and feed setting errors and the variation in 
tool material composition and hardness.  In recent years 
it has been shown by manufacturing researchers that the 
carbide grading system is too vague (8 ) and the process 
engineer has to use his own judgement in a majority of 
3 
the situations to select a particular grade.  In this kind 
of atmosphere, the machinability handbooks prescribe the 
machining conditions under one broad tool classification 
such as carbides, high speed steel etc., which contribute 
to the conservatism of machinability handbooks. 
Yet another difficulty in deciding the optimum 
machining conditions using the machinability handbooks is 
the fact that different handbooks suggest different cutting 
conditions for the same work and tool combination.  These 
handbooks are written by experienced process engineers. 
These variations in cutting conditions can easily confuse 
ordinary semi-skilled machinists and inexperienced process 
planners. 
Therefore, considering the problems presented above, 
it would be of enormous assistance if a technique was 
available to systematically seek out these improved 
machining conditions, that could be easily handled by 
operators themselves at low costs.  It would result in 
large savings in machining costs if the optimum conditions 
were reached using some optimum seeking procedure at 
minimal time and costs. 
The objective of the current research is to develop 
algorithms  based on the center-of-gravity scheme to 
optimize the machining conditions, given a particular work 
and tool combination.  It should also be such that it can 
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be easily handled by the operators without involving large 
sums of money by way of additional monitoring equipment 
etc. 
There are, however, various off-line and on-line 
techniques available at present.  Some of them are dis- 
cussed in the paragraphs that follow: 
2 Gradient Search Technique 
This self-adaptive optimization procedure employs a 
search strategy that does not require elaborate instru- 
mentation needed in adaptive control to make constant ad- 
justments to instantaneous machining variations.  The 
self adaptive procedure updates the cutting conditions at 
regular intervals to improve the index of performance. 
The important process variables such as flank wear are 
measured off-line by a series of measurements at various 
cutting conditions.  Replications at each point are made 
in order to minimise the errors due to the variability 
inherent in the machining process.  The process variables 
that are measured at different cutting conditions are 
used to calculate the index of performance at those cut- 
ting conditions.  These serve as input to an optimum 
seeking search procedure.  In this way, the cutting con- 
ditions can be improved and updated at intervals instead 
2 
Summary based on R.J. Johnson, "Development of a 
Self Adaptive procedure for the Economic Improvement of 
Cutting Conditions."  M.S. thesis, Lehigh University, 1974, 
of constantly measuring the process variables and their 
instantaneous variations with costly instrumentation. 
In order to move the machining operation towards the 
optimum, a search strategy capable of evaluating the cur- 
rent index of performance at some speed and feed and the 
trajectory of movement in the response surface so as to 
reach a minimum or maximum, is necessary.  The gradient 
search technique is applied in the following manner. 
1. A starting point is determined using a 
machinability handbook or handbooks by averaging their 
recommended speeds and feeds. 
2. Three test points are placed near this original 
test point with a proper distance such that a rectangular 
test pattern is observed. 
3. The values of the important process variables such 
as time for a certain specific amount of flank wear, and 
surface finish are determined.  The index of performance 
such as cost per workpiece or cost per cubic inch of metal 
removed is calculated at each test point. 
4. The speed and the feed effect are found as shown 
on the worksheet Figure 1.  The speed and the feed gradients 
are also determined. 
5. A step move of a fixed length in the direction 
dictated by the gradient components is made. 
6. The point obtained by Step 5 will be the new 
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Figure 1 
MACHINING CONDITIONS UPDATE 
1) Dependent Variable: _ 
2) Operating Conditions 
Speed 
Feed 
3) Observation of 
Dependent 
Variable Y 
(0)   (1)   (2)   (3) 
0" Y, Y. Y 
(4) 
Feed 4x 
X  0 
x2 
lx X3 
4)  Calculation of Effects 
Speed 
Mean = 1  (Yn + Yn + Y, + Y. + y\s 
5 0 t) 
Speed Effect = 1/2(Y2 + Y3 + Y±   +   Y^) 
Feed Effect = 1/2(Y. + Yo ~ Yi ~ Y3) 
Interaction 
Effect = 1/2(Y  + Y2 - Y3 - Y ) 
5)  Recommendations: 
original point.  The procedure is tested for the stopping 
criteria.  The search is continued by setting up a new 
test pattern as described in Step 1, if the stopping 
criteria is to be met.  In the work done by Johnson the 
following were the areas investigated. 
1 Test Point Pattern 
Three test point patterns were investigated for 
evaluating the gradient at a certain set of conditions, 
(i)  Five point 
(ii)  Four point 
(iii)  L pattern (three point) 
Figure ,2  illustrates the three test point patterns.  The 
four point pattern was found to provide the best balance 
between cost and accuracy. 
2 Replications at Each Point 
This was found to be necessary at each cutting con- 
dition due to the variability of the machining process. 
In the simulation model, one to eight repetitions were 
investigated.  Four repetitions per set of cutting con- 
ditions were found to be maximum desirable since more than 
four did not significantly improve the accuracy. 
3 Starting Point 
In the application of the self-adaptive procedure, it 
was felt that the recommended cutting conditions given in 
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Figure 2 
TEST POINT PATTERNS 
Four Point 
—r 
Test point pattern distance 
x 
V 
Five Point 
x        x 
T 
x Test point pattern distance 
V 
Three Point 
x 
x 
T 
Test Point Pattern Distance 
i 
V 
the machinability handbooks was a reasonable starting point, 
However, later on, the starting point was observed to have 
little effect on the final results of the search. 
4  Step Size 
In the computer simulation it was decided to use steps 
of such length that a move is taken to be the perimeter of 
a circle drawn through the test point pattern.  The cutting 
speed step size was set at a change of 9.144 smpm (30 sfpm) 
and the feed step size was established at a change of 
0.0254mm/rev (0.001 in/rev).  When it was known that the 
optimum cutting condition was close to the updated cutting 
condition, the step size was reduced.  Specifically, the- 
following rule was adopted, "if the sign of the gradient 
component changed on two successive steps then the test 
point separation was decreased by one-half." 
5_ Stopping Criteria 
One of the problems encountered in searching for the 
optimum point on a response surface is determining when 
the optimum has been reached.  The search at this point 
should be stopped if both gradient components changed in 
sign on four successive steps.  The optimum conditions 
would then be specified by those which resulted in the 
minimum cost of the two sets of cutting conditions evalu- 
ated at the most recent origin and the end point of the 
final step. 
10 
3 
Adaptive Control 
A significant amount of work has been done in this 
area.  Although adaptive control is not widely applied to- 
day in industry, it offers great potential for on-line 
improvement.  The application of adaptive control to the 
metal machining process involves a feed-back control system 
in which the process variables are measured when the actual 
machining is done and some input variable (speed and/or 
feed) is adjusted to compensate for the measured variable. 
The process variables used are related to the economics of 
the machining operation.  Hence, they can be regulated 
according to a search strategy to move the process towards 
a specific management objective.  The typical process 
variables must be quantities which can be reliably 
measured on-line. 
As mentioned earlier, the machining process has many 
random variations.  In such a situation, the functional 
relationships between input process variables and the in- 
dex of performance vary with time in an unpredictable 
fashion.  This makes a search strategy essential to 
determine the shifting index of performance.  Several 
problems exist to this point in the development of adap- 
tive control. 
3 
Summary based on M.P. Groover, "Adaptive control 
machining:  Current problems and future solutions,"  SME 
tech paper No MS72-131 and M.P. Groover, "A definition 
and survey of Adaptive Control Machining,"  SME tech paper 
No MS70-561. 
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The determination of economic cutting conditions based 
on an index of performance is accomplished by sensing the 
process variables such as tool wear, tool life and surface 
finish on-line.  The instrumentation needed for this is not 
yet available.  A solution to this problem has been the 
measurement of process variables that can be reliably 
measured and related to the important process variables. 
Since these relationships are experimentally determined, 
they are often times subjected to error. 
The expensive instrumentation and controls limit the 
application of adaptive control in most typical machine 
shop environments. 
The selection of an index of performance is complicated 
by the "fact that the improved process variables are dif- 
ficult to accurately measure.  A large amount of data is 
necessary to determine a reliable index of performance and 
the relationships between the process variables and the 
index of performance. 
Performance Index Method and Production 
4 
Optimization Method 
The Performance Index Method (PIM) and the Production 
Optimization Method (POM) were developed for off-line use. 
These search oriented techniques used to improve cutting 
4 
Summary based on Inyong Ham, "Computer Optimization 
of machining conditions for shop production,"  Tech 
Report SWERR-TR-72-73 U.S. Army Weapons Command, October 
1972. 12 
conditions were developed by Inyong Ham and associates at 
Pennsylvania State University. 
The Performance Index Method (PIM) is a computer based 
optimization technique.  It develops optimum machining con- 
ditions through the use of a measurable response to' the 
machine variables or performance index.  The performance 
indices proposed by the method are unit cost, production 
rate, profit rate or any combination of these.  This 
technique needs data involving machine time, number of 
pieces produced per unit time and the number of tool 
changes during the time considered. 
PIM attempts to define the response surface by three 
coordinates namely speed, feed, and the index of perfor- 
mance.  It has a computer program to search the response 
surface and find the optimum point.  The initial starting 
points are chosen from the machining data available or by 
the computer program itself subject to certain speed and 
feed constraints.  The computations necessary to find the 
optimum value are lengthy and tedious.  But these are 
easily solved by a high speed digital computer.  The ex- 
haustive search is ended when two sets of test points 
yield the same index of performance. 
Another technique employing computers to optimize 
machining conditions is the production optimization method 
(POM).  The advantage of this method over PIM is that the 
optimum point can be obtained with greater precision. 
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However, POM requires tool life, cost and time study data 
in addition to PIM information and POM is only applicable 
to the turning operation.  This method is based on the 
analysis of optimum machining conditions through the con- 
tinuous feedback of tool-life information from production 
tests into the computer program.  This testing occurs 
during regular production.  The computer program selects 
a range of optimum machining conditions through the use of 
a multiple linear regression model on the basis of an in- 
dex of performance. 
The applicability of this method in a typical shop 
situation is limited by the fact that accurate input data 
describing the actual production environment is hard to 
get. 
In the next chapter "the center-of-gravity technique" 
developed earlier will be discussed together with the 
modifications that have been made to make it applicable 
in a typical shop environment. 
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CHAPTER  2 
THE CENTER-OF-GRAVITY SEARCH TECHNIQUE 
The Center-of-Gravity Search Technique 
As mentioned in the previous chapter, there are 
several optimum seeking methods that can be applied to the 
machining process.  However, they have their own dis- 
advantages which limit their application in a typical shop 
environment.  For example, in the case of the gradient 
search technique, in order to obtain a new direction to- 
wards the optimum, three or four test points together with 
replications at these points are necessary.  This is a 
time consuming procedure.  Also, this technique assumes a 
fairly uniform response surface and does not make use of 
the previous test data.  So, the new point may give out 
some random fluctuations which may resul-t in the tech- 
nique pursuing a longer route to the optimum and render 
it impractical in a job shop type situation. 
An attempt has been made to eliminate several of these 
disadvantages with the center-of-gravity search scheme. 
The prospective user of any of these optimum seeking 
procedures is confronted with several problems when he at- 
tempts to use these methods in a machining process. 
Because of the inherent variability of the machining 
process, difficulties arise when attempts are made to take 
accurate measurements on the process.  Measurement errors 
can cause the search to move in the wrong direction and 
for the search trajectory to follow an inefficient path 
towards the optimum. 
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The time required to carry out the search procedure 
is usually significant.  It can constitute a large portion 
of the total production time for the job. 
It would also be desirable to have the machine opera- 
tor carry out the search procedure rather than requiring 
the constant attention of one of the technical personnel. 
However, the search procedures are often difficult for the 
operator to comprehend and the computations involved can 
be somewhat complicated. 
Apart from these, there are also other problems such 
as proper selection of the number of replications for the 
exploratory moves, the step size and the stopping 
criteria. 
The center-of-gravity technique has been developed 
through consideration of the above problem areas.  It is 
based on the center-of-gravity search scheme.   This 
scheme uses a weighted average of the test points called 
the center-of-gravity to set the direction of the search 
with respect to the unweighted average or geometric 
center.  The center-of-gravity average is weighted by the 
values of the index of performance at the test points. 
The procedure developed in the current research is 
as follows: 
1.  In order to start the search, a point representing 
average values of recommended speeds and feeds from three 
machinability handbooks was selected.  On a sheet of graph 
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paper with speed as x axis and feed as y axis, a sequence 
of equilateral triangles were drawn such that the recommen- 
ded cutting condition was a point on one of the equilateral 
triangles.  It is however, not absolutely necessary that 
the equilateral triangles be exact.  The series of 
equilateral triangles had the following dimensions. 
Base = 24.4 smpm (80 sfpm), (speed); 
height = 0.008 mm/rev (0.003ipr), (feed) 
2. Two other points were chosen in addition to the 
recommended conditions as test points to form an 
equilateral triangle with the original point. 
3. The index of performance was determined at each 
of the three test points. 
4. The geometric center was determined for the three 
points.  This is done by averaging the three pairs of 
speed and feed values. 
5. The center-of-gravity was then computed for the 
three  point configuration.  This is defined by the weighted 
averages of speed and feed.  The weighting is provided by 
the index of performance. 
6. The position of the center-of-gravity relative to 
the geometric center defines the direction of the step move 
to an improved set of cutting conditions. 
7. To choose the next three points (again the three 
points should constitute an equilateral triangle), start 
with the point on the original triangle which has the best 
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value of index of performance.  The other two points are 
those in the direction of the center-of-gravity. 
8.  The procedure (steps 3 through 7) is repeated until 
cycling occurs.  The fixed step size is then reduced by one- 
half its original value and the search is terminated after 
investigating these points. 
The application of the above procedure is illustrated 
by means of hypothetical machining considerations in the 
paragraphs that follow: 
Let us consider a turning operation.  Although the 
center-of-gravity search technique can be applied to a 
variety of metal cutting processes, its application to the 
turning operation is felt by the author to provide a better 
understanding of the technique, in this preliminary 
chapter, to the prospective user. 
Let us assume that the optimum machining conditions 
are desired for a bar stock material, say, SAE 1020 steel 
and a Carboloy 350 grade carbide tool. 
As is normally done in the shop, the machinability 
handbooks are referred to and an average recommended cut- 
ting condition is determined.  Let us say, the conditions 
are as follows: 
speed = 110 smpm (360 sfpm) 
feed  = 0.28 mm/rev (0.011 in/rev) 
at a depth of cut = 1.905 mm (0.075 in) 
As per the procedure given earlier, in order to get 
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started with the optimization process, equilateral 
triangles are drawn on a sheet of graph paper such that 
the recommended cutting condition is a point on one of the 
triangles.  The scale for the x axis of the plot repre- 
senting speed is, say 1cm = 9.6 smpm (1 in = 80 sfpm) and 
the y axis of the plot representing feed is, say 
lcm = 0.03 mm/rev (1 in = 0.003 ipr).  The triangles are 
drawn and two other points neighboring the average recom- 
mended condition forming a triangle are considered to be- 
gin the search.  The triangular  plot and the points 
chosen are shown in Figure 3. 
The next .-step is to conduct the testing at these 
points to determine the wear rate of the tool and the tool 
life.  This is accomplished by taking a series of cuts 
and measuring the following: 
1. Tool flank wear 
2. Diameter of the workpiece 
3. Length of material removed 
4. Time 
This, however, may be different for other processes like 
milling, drilling etc. For the purposes of this chapter 
the focus is primarily on the turning operation. 
From Figure 3 we find that the points to be tested 
are as follows: 
Point No 1  Speed = 110 smpm (360 sfpm) 
feed  = 0.28 mm/rev (0.0110 in/rev) 
19 
Figure 3 
Center-of-Gravity Technique: Test Point Pattern 
Feed in in/rev 
.017  
/x       / \      / 
200 280 360 440 
Speed in sfpm 
Step sizes: 
AV = 80 sfpm 
Af = 0.003 in/rev 
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Point No 2  speed = 85 smpm (280 sfpm) 
feed  = 0.28 mm/rev (0.0110 in/rev) 
Point No 3  speed = 91 smpm (300 sfpm) 
feed  = 0.36 mm/rev (0.014 in/rev) 
Let us consider point No 1.  The flank wear and time data 
are taken and plotted on a graph sheet and the tool wear 
rate is determined.  The determination of the tool wear 
rate is discussed in detail in the chapter dealing with 
the application of the center-of-gravity technique to the 
turning operation. 
Cost Equation 
The cost per workpiece is determined as follows: 
The machining time is first determined. 
M  u • •   4. ■   fMT\        3.1412DL Machining time (FIT) =  
^ f v 
where  D = diameter of workpiece 
L = length of metal removed 
f = feed rate 
v = speed 
The number of cutting edges per workpiece (N) 
wear rate per workpiece  _ WPC 
wear rate at tool failure _ WF 
Tool Cost (TO = say $0.25/edge 
Then Cost = MR (MT + WCT) + N (MR x TCT + TC) 
Where     MR = Machine operators rate 
WCT= Work changing time = 0 mins. 
TCT = Tool changing time = 1 min. 
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The costs at the various cutting conditions can be 
determined by substituting the values in the above equation. 
For the purposes of this chapter, let us assume that 
the cost per work piece for the cutting conditions repre- 
sented by the points 1, 2 and 3 are as follows: 
Point 1       Cost = $0.6667 
Point 2       Cost = $0.8333 
Point 3       Cost = $0.7143 
As a next step, the index of performance is calculated. 
This is 1/cost value.  Therefore, the index of performance 
for the points are: 
Point 1       Z  = 1/cost =1.5 
Point 2       Z2 = 1/cost = 1.2 
Point 3       Z  = 1/cost = 1.4 
1/cost value is considered as the index of performance be- 
cause it is easy and convenient to handle.  The improved 
cutting condition is one which has the best index of per- 
formance; ie.  Maximum Z value in our case.  Hence we at- 
tempt to maximise this index. 
As a next step, the center-of-gravity and the 
geometric center are computed for the three point con- 
figuration.  This is done by simply weighting the speed 
and feed values by the index of performance.  In order to 
do this, the speed and the feed values have to be scaled 
properly in order to minimise the complications that arise 
by using actual values.  Let us say the following scales 
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were used. 
9.1 smpm (30 sfpm) = 1 unit of speed (x) 
0.03 mm/rev (0.001 in/rev) = 1 unit of feed (y) 
The scaled values of the speeds and feeds for the three 
points are as follows: 
Point 1 x1   = ~~  = 12 
0.011 _ ,1 
Yl ~ 0.001 ~ 
Point 2  x„ =  ~„ = 9.33 
0.011 _ ,, 
Y2 " 0.001 " 
n . , _       300   ,n Point 3  x  =     = 10 
_ 0.014 _ 
Y3 " 0.001 " 
speed feed index of performance 
*1   =12 y1 = 11 Zx = 1.5 
x2 = 9.33 y2 =11 22 = 1.2 
x3 = 10 y3 = 14 Z3 = 1.4 
The geometric center and the center-of-gravity are com- 
puted as follows: 
The Geometric Center: 
=   x, + x„ + X-. 
x =  1    2    3 
3 
12 + 9.33 + 10 
3 
= 10.44 
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The geometric center (continued) 
y 
yl + y2 + y3 
3 
11 + 11 + 14 
3 
= 12 
The Center-of-qravity: 
x = 
X1Z1 + y2Z2 + Y3Z3 
gl + z2 + Z3 
(12) 1.5 + (9.33) 1.2 + (10) 1.4 
4.1 
= 10.54 
7 = ylzl + Y222 + y3Z3 
(11) 1.5 + (11) 1.2 + (14) 1.4 
4.1 
= 12.02 
The angle and direction of movement are then calculated 
using the following formula: 
-1   12.02 - 12 
e  = tan"
1
   ±^-X 
-   tan 10.54 - 10.44 
o 
= 11.3 
It can be seen that  y - y  and  x - x  are both 
positive.  From the sign of these two terms we can estab- 
lish the direction of movement towards the optimum. 
Since both the terms are positive the movement (step move) 
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is in the first quadrant. 
If for example, y - y is negative and x - x is 
positive, in order to get to the optimum, we have to re- 
duce the y coordinate (feed) and increase the x coordinate 
(speed) i.e., the movement is in the fourth quadrant. 
Hence, the sign of the (y - y) value and (x - x) value 
play an important role in directing the search towards the 
optimum. 
The angle of movement can be calculated using the 
formula shown above. 
The angle and direction of movement are from the 
point among the three points considered, which has the 
best index of performance.  In the example cited, the best 
index of performance is obtained at Point 1.  Since the 
Z, value 1.5 is greater than Z„ 1.2 and Z_ 1.4. 
Another aspect that should be taken into consideration 
at this stage is explained below: 
Case 1  Consider the Figure 4.  In the example cited above 
since the angle is less than 60 , the triangle formed by 
the points 1, 4 and 5 should be considered for further in- 
vestigation. 
Case 2  If the angle, say is 75  or greater than 60 , the 
triangle formed by the points 1, 3 and 4 should be con- 
sidered for further investigation. 
Case 3  If the angle, say is exactly 60 , the triangles 
formed by the points 1, 3, 4 and 1, 4, 5 should both be 
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Figure 4 
Cuts Pattern I 
Feed in in/rev 
.017. 
.014. 
.011, 
Step sizes: 
Av = 80 sfpm 
^ f = 0.003 in/rev 
-l 1 1 1— 
200       280       360       440 
Speed in sfpm 
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considered for further investigation.  Once the index of 
performance is determined for all the points namely 1, 3, 
4 and 5, the triangle to be considered for calculating the 
geometric center and the center-Of-gravity can be deter- 
mined as explained below. 
If for example, point 5 is found to possess the best 
index of performance, the triangle formed by the points 1, 
4 and 5 alone should be used to determine its geometric 
center and center-of-gravity.  On the contrary, if either 
of the points 1 or 4 is found to possess the best index of 
performance, we have to consider the point that has the next 
best index of performance.  If the point 3 is found to 
possess the next best index of performance, the triangle 
formed by the points 1, 4 and 3 has to be considered for 
further investigation.  In this way, we establish the next 
set of points to continue the search towards the optimum. 
Stopping Criteria 
The next important aspect in applying the center-of- 
gravity technique is to determine when the actual machining 
phase of the search is to be terminated.  In other words, 
the stopping criteria.  This is applied, when the direction 
of movement is such that a triangle considered earlier has 
to be considered again for further analysis i.e. , when 
cycling occurs.  In such a situation, the response surface 
indicates that the optimum is located in close proximity to 
the present direction of movement.  At this stage, the 
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fixed step size (equal to a side of the equilateral 
trianqle) is reduced by one-half and machining is performed 
at the points forming the smaller triangle.  This is shown 
in Figure 5. 
Case 1:  Consider Cas& 1 shown in Figure 5.  If for example 
the geometric center and the center-of-gravity have both 
been evaluated for the triangle 3, 4, 5 and the angle and 
direction of movement suggest that the triangle formed by 
the points 1, 2, 3 is to be considered again, then the 
step size is reduced by one-half and a newly constructed 
triangle is formed.  Let us assume that the index of per- 
formance for the point 3 is the best among the points 3, 
4 and 5.  In order to terminate the actual machining, the 
points 3, 6 and 7 should be considered and the index of 
performance determined at these points. 
Case 2:  Consider Case 2 shown in Figure 5.  If for ex- 
ample the geometric center and the center-of-gravity have 
both been evaluated for the triangle formed by the points 
3, 4, 5 and the angle and direction of movement suggest 
that the same triangle is to be considered again, then the 
stopping criteria should be applied at this stage by re- 
ducing the side of the equilateral triangle by one-half. 
Assuming that the point 4 possesses the best index of per- 
formance, the points 4, 6 and 7 should be considered for 
testing and the search terminated. 
Once the cost is determined for the points representing 
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Figure 5 
Case 1 
Feed in In/rev 
.017 
.014 . 
.011 
Feed in in/rev 
Case 2 
.017 . 
.014 
.011 . 
Cuts pattern II 
"T  
200 
Step sizes: 
AV = 80 sfpm 
Af = 0.003 in/rev 
~i— 
280 
T 1 
360       440 
Speed in sfpm 
~i— 
200 280 
~i— 
360 440 
Speed in sfpm 
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the reduced triangle, an equation is fit using a multiple 
linear regression computer package to the data obtained at 
the various points in the response surface.  The data on 
speed, feed and the index of performance or actual cost 
per workpiece are used.  The equation that was found to 
fit the best for the metal cutting processes was 
Z = A + BV + Cf + DV2 + Ef2 + F V f 
where     Z = 1/cost/workpiece 
V = speed 
f = feed 
The above equation was partially differentiated with re- 
spect to V and f and the resulting equations were set equal 
to zero and solved simultaneously to determine the optimum 
speed (V  , ) and optimum feed (f  , ). 
^      opt       ^ opt 
This technique has been found to take relatively little 
time to get to the optimum.  This makes it applicable in a 
typical job-shop type environment. 
In the forthcoming chapters the center-of-gravity 
technique as applied to the turning, milling and drilling 
operations will be presented in detail. 
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CHAPTER 
THE CENTER-OF-GRAVITY TECHNIQUE 
AS APPLIED TO THE TURNING OPERATION 
The Center-o-f-Gravity Technique as Applied to the 
Turning Operation 
This chapter deals with the application of the center- 
of-gravity technique to the turning operation.  As men- 
tioned in the earlier chapter, although the center-of- 
gravity search technique can be applied to a variety of 
other metal cutting processes it is probably best suited 
for determining the optimum machining conditions for the 
turning operation.  This is because the cutting conditions, 
namely feed and speed, can be adjusted more easily than in 
the case of milling and drilling operations.  In both the 
milling and drilLing operations, only a limited number of 
fixed speeds and feeds were available on the test machines 
to perform the search.  This was not the case in the turn- 
ing operation since the speed and feed can be set to nearly 
any values as dictated by the search technique.  This 
enables the operator to determine a set of conditions which 
are much closer to the true optimum. 
This chapter describes the experimental procedure, 
tooling, work material, selection of variables and their 
measurements as well as the results obtained in testing 
the proposed procedure in the turning process. 
Work Material 
One of the desirable properties of the work material 
was uniform hardness throughout the cross-section.  As the 
tool wear is proportional to the hardness of the material, 
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hardness variation within the material was highly un- 
desirable. The softer the material, the lower is the 
flank wear and higher is the tool life. 
Medium carbon alloy steel SAE #4340 with the hardness 
in the range RC 29-34 was selected.  This material posses- 
ses good hardenability resulting in fairly uniform hard- 
ness throughout the work material.  The work diameter was 
-2 -2 
reduced from 15.24x10  meters (6 inches) to 11.43x10 
meters (4.5 inches) during the testing. 
The Process Variable Measurement 
The process variable of interest was the flank wear. 
In order to determine the index of performance, the time 
in which the tool wore by a particular amount is necessary. 
The flank wear was measured off-line periodically with a 
tool makers' microscope.  In a majority of the cases the 
visual determination of an average flank wear was clear. 
The flank wear criterion to stop the actual machining 
at a particular cutting condition was established at 0.127mm 
(0.0050 inches) of wear.  The actual time taken to wear 
this amount was recorded.  A standard tool wear criterion 
(tool life) of 0.3mm (0.0118 inches) of wear was applied. 
With the time measurement available to wear the tool to 
about 0.13mm (0.005 inches) the time required to wear the 
tool to 0.3mm (0.0118 inches) was extrapolated assuming a 
linear flank wear to time relationship between 0.13mm 
(0.005 inches) and 0.3mm (0.0118 inches) of wear. 
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Experimental Procedure 
To start with, the workpiece was chucked and centered 
on the lathe.  The cutting tool, a carboloy 350 carbide 
insert with eight cutting edges was selected and fixed to 
the toolholder on the lathe.  The instruments and equip- 
ments used are listed in Appendix D.  A skin cut was taken 
to clean up the irregularities on the surface that may have 
been present after heat treating the bar.  The skin cut 
also assures the roundness of the workpiece.  To eliminate 
the immediate shock on the tool when it is engaged with the 
workpiece for the first time, the tail stock end of the 
bar was faced.  This provided a good starting place for the 
tool. 
The first step in the start of the experiment was to 
set the appropriate surface speed using a speed indicator 
and a varidyne.  Proper feed and depth of cut were set on 
the lathe.  Using one of the unused edges in the insert, 
the turning operation was performed about 2 mins and the 
flank wear on the cutting edge was measured using a tool- 
maker's microscope.  When the first cut is taken using a 
new cutting edge, the wear is largely due to the break- 
in effect.  This is the reason why the first cut was limited 
to 2 mins.  After the measurement is made the tool is re- 
inserted into the holder making sure that the same edge is 
used for the next cut.  The surface finish is also measured 
using a surfindicator. 
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Cutting is continued in this fashion until the 
flank wear is approximately 0.13mm (0.005 inches). 
The procedure described above is carried on at all 
test points.  The index of performance is calculated and 
the next set of points are determined using the center-of- 
gravity search scheme. 
The determination of a usable speed and feed range 
was of significant importance in the study.  Sometimes 
while testing with the machine, the machine vibrations 
induce chatter in the workpiece and cause tool failure. 
This is likely to occur when the workpiece is reduced 
considerably in diameter or when the cutting conditions 
are such that the machine vibrations are too high.  Hence 
the usable speed and feed ranges were established as 60 
to 183 smpm (200 to 600 sfpm) for speed and 0.12 to 
0.76 mm/rev (0.005 to 0.030 in/rev) for feed.  The depth 
of cut was maintained constant at 1.905 mm (0.075 inches). 
Turning Experiment One 
Three sources were consulted to establish the 
machining conditions for the starting point to machine 
SAE 4340 steel.  They were: 
( 3 ) Machinery's Handbook^- 
This handbook recommended the following: 
speed -   70.1 smpm (230 sfpm) 
feed  = 0.3 mm/rev (0.012 in/rev) 
at a depth of cut = 3.18 mm (0.125 inches) 
This recommendation had to be corrected for a depth 
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of cut of 1.905 mm (0.075 inches) which gave the following 
speeds and feeds. 
speed = 77.77 smpm (255.2 sfpm) 
feed  = 0.338 mm/rev (0.0133 in/rev) 
i4) Metals Handboo 
This handbook recommended the following: 
speed = 340 - 440 sfpm 
feed  = 0.015 in/rev - 0.007 in/rev 
depth of cut = 0.150 - 0.025 inches 
Correcting this for the depth of cut, the following speed 
and feed values were obtained. 
speed = 121.92 smpm (400 sfpm) 
feed  = 0.26 mm/rev (0.0102 in/rev) 
Carboloy Application Data Handbook 
This handbook recommended the following cutting 
conditions: 
speed = 76.2 smpm (250 sfpm) 
feed  = 0.03xl0~2 m/rev (0.01 in/rev) 
depth of cut = 0.1905xl0~2 m (0.075 inches) 
All these recommendations were given for a turning opera- 
tion with 4340 steel (hardness RC 29-33) workpiece and 350 
grade carbide tool.  It is evident from above that different 
handbooks recommend different cutting conditions for the 
same work and tool combination. 
These speed and feed values were averaged and the 
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composite recommended cutting condition was computed as: 
speed = 92 smpm (302 sfpm) 
_2 feed  = 0.03x10   m/rev(0.011 inches/rev) 
depth of cut = 0.1905xl0~2 m (0.075 inches) 
The turning operation was performed at this recom- 
mended cutting condition represented by Point 1 and two 
other cutting conditions represented by Points 2 and 3 in 
Figure 6. 
The data obtained at the respective cutting conditions 
are given in Appendix A (Part 1 ). 
Cost Equation for a Turning Operation 
As defined in Chapter 2: 
Cost/piece = MR (FIT + WCT) + N (TCTxMR + TC) . 
To this cost equation, a term SF indicating surface finish 
was included.  This was done in order to take the surface 
finish criteria into consideration.  This is necessary be- 
cause normally when a job order comes to the shop it has 
all the dimensional specifications along with the desired 
surface finish.  Since the optimum machining conditions 
should produce the desired level of surface finish, it was 
felt necessary to build a penalty charge of 1 cent for 
every micro inch deviation from the desired level, into the 
cost equation.  This method of costing was based on the 
work of Johnson (2 ).  The desired level or the surface fi- 
nish criteria was assumed to be 125 micro inches. 
Hence the cost equation used for the turning operation 
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was: 
Cost/piece = MR (MT + WCT) + N (TCTxMR + TC) + SF 
where     MR = $0.15/min 
TCT = 1 min/edge 
WCT = 0 min/piece 
TC = $0.25/edge 
SF = 1 cent/workpiece for every micro inch 
deviation from standard 
The machining time was given by machining time per work- 
piece: 
wo,/ •      3.1412DL 
MT/piece =  12 fv 
where     D = diameter of the workpiece in m (in) 
* 
L = length of material removed in m (in) 
f = feed in m/rev (in/rev) 
v = speed in smpm (sfpm) 
The number of cutting edges per workpiece (N): 
M _ 
WPC
 _ wear rate per workpiece 
WF  ~ wear level at tool failure 
P Tool cost/edge = TT 
where     P = cost of the insert 
E = number of cutting edges per insert 
A work sheet for the turning operation to calculate the 
cost per workpiece is shown in exhibit #1. 
The standard workpiece that was considered in this 
study was defined as the amount of metal machined when the 
product of the diameter and the length of the test specimen 
(i.e., DxL) was equal to 100.  This was chosen because when 
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Exhibit #1 
Work Sheet for the Turning Operation 
Machining Cost Per Piece (updating procedure) 
1. Known Information 
Price of insert + Toolholder depreciation ($)    P =  
Total cutting edges on tool insert E =  
Machine operator's rate ($/minute) MR =  
Tool changing time (minutes/cutting edge)     TCT =  
Work changing time (minutes/workpiece)        WCT =  
2. Machining Time per Piece = MT 
Speed V =  sfpm    Feed, f =  ipr 
Work length L = inch    Diameter D = inch 
Machining time MT = ■■ *-p ±  =  minutes 
3. Number of cutting edges per workpiece - N. 
It is usually the case that one cutting edge will last 
for more than a single workpiece.  Therefore, N will 
have a value less than one.  N can be approximated by 
means of the fraction of the tool used up per workpiece. 
WPC 
= 
Wear 
Wear 
WPC 
we 
rate 
level 
per work] 
at tool 
cutting 
Diece 
failure 
edges/wo rk 
WPC = 
WF WF  = 
N piece 
(approximate) 
4. Tool cost per cutting edge - TC 
TC = P/E =  $/cutting edge 
5. Surface finish cost per piece = SF 
SF =  $/piece 
6. Machining cost per workpiece, COST 
COST = MR(MT + WCT) + N (MR x TCT + TC) + SF 
=  $/piece 
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the diameter of the workpiece is reduced during machining, 
the product of the diameter and the length of material re- 
moved from the workpiece at a particular machining con- 
dition is constant for a particular time period.  One work- 
piece was defined as DxL = 0.065 square meters (100 square 
inches).  In order to determine the wear rate per workpiece 
without taking the initial break-in wear into consideration, 
the DxL criteria was set at 0.16 square meters (250 square 
inches).  This enables us to consider twice the standardized 
size of the workpiece to determine the flank wear rate. 
The break-in wear was excluded from the determination by 
omitting the first 0.03 square meters (50 square inches) 
of the total DxL criteria from the analysis. 
The flank wear to time relationship was plotted on a 
sheet of graph paper with time as the x axis and flank wear 
as the y axis.  By considering a point on the plot in the 
early stages of the flank wear, barring the break-in wear, 
and a point close to when the actual machining was terminated 
at the particular cutting condition, the flank wear rate 
was determined.  A couple of other points were chosen in a 
similar fashion and the resulting flank wear rates were 
averaged. 
Having determined the cost using the above cost 
equation, the center-of-gravity and the geometric center 
were computed for the three point configuration.  The angle 
and direction of movement in the response surface were then 
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determined to continue the search towards the optimum. 
The movement on the response surface using the center-of- 
gravity scheme is shown in Figure 6. 
The results obtained in the search to the optimum 
are tabulated below: 
Exhibit 2 
Point Spe :ed Feed Cost/w 
smpm sf pm mm/rev in/rev 
1 92.05 302 0.3 0.0118 1.1455 
2 67.67 222 * 0.3 0.0118 1.5645 
3 77.42 254 0.4343 0.0171 0.9398 
4 88.39 290 0.5969 0.0235 1.7220 
5 64 210 0.5969 0.0235 1.4734 
6 72.54 238 0.3531 0.0139 1.2273 
7 84.73 2 78 0.3531 0.D139 1.0563 
Based on the available information, an attempt was 
made to determine the response surface optimum using a 
multiple linear regression computer package.  The equation 
regressed was: 
Cost = A + BV + Cf + DV2 + Ef2 + F f V 
where  V = speed 
f = feed 
and A through F are constants obtained from the 
regression analysis 
The above equation was partially differentiated with 
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respect to the speed V and feed f and the resulting 
equations were set equal to zero.  These equations were 
then solved simultaneously and the optimum speed and feed 
were determined.  They were 
Vo t = 76*75 smPm (252 sfPm) 
f  . = 0.44 mm/rev (0.0173 in/rev) 
opt 
Turning Experiment Two 
Having determined the optimum for the particular 
work-tool combination, it was decided to conduct a similar 
experiment with another piece of bar stock bearing the 
same manufacturers specifications but from a different 
batch of material and a 350 grade carbide tool to check 
whether the response surface optimum was the same in both 
the experiments. 
Three points were chosen way out from the obtained 
optimum and the average recommended cutting condition, to 
start the search for the optimum.  The only change in- 
troduced was in the drawing of the triangular plot.  The 
scale for feed used was reduced by one-half from 0.15 mm/rev 
(0.006 in/rev) to 0.08 mm/rev (0.003 in/rev). 
The center-of-gravity search scheme was applied and 
the index of performance at the various cutting conditions 
were determined.  The movement on the response surface is 
shown in Figure 7 and the data obtained is displayed in 
Appendix A (Part 2).  The results are tabulated and shown 
below: 
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Exhibit 3 
Point       Speed        Feed Cost/workpiece 
smpm sfpm 
m/rev 
xlO-3 in/rev 
1 127.41 418 0.353 0.0139 1.1369 
2 103 338 0.353 0.0139 0.9168 
3 112.78 3 70 0.4343 0.0171 1.1722 
4 92.05 302 0.3 0.0118 1.1400 
5 77.42 254 0.353 0.0139 1.2285 
6 107.90 354 0.3988 0.0157 0.9417 
7 115.21 3 78 0.353 0.0139 0.8063 
As before, this data was used to fit the multiple 
linear regression model.  The optimum obtained was as 
follows: 
V    = 102 smpm (336 sfpm) 
f  . = 0.36 mm/rev (0.0141 in/rev) 
opt 
It is evident from the two experiments that for the 
same work material and tool specifications, there are dif- 
ferent optimum machining conditions for different bar 
stocks.  From the results obtained the following conclusions 
can be drawn. 
The center-of-gravity technique can be successfully 
applied to obtain improved set of machining conditions over 
the recommendations made by machinability handbooks.  In 
the first experiment conducted in the turning operation, 
the improvement in cost achieved was 20%.  In the second 
experiment conducted, the improvement in cost achieved was 
29%. 
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CHAPTER 
THE CENTER-OF-GRAVITY TECHNIQUE AS 
APPLIED TO THE MILLING OPERATION 
The Center-of-Gravity Technique Applied to the 
Milling Operation 
This chapter is intended to deal exclusively with the 
application of the center-of-gravity technique to the 
milling operation.  The basic principle behind the ap- 
plication was the same as mentioned in the previous 
chapters but the parameters to be adjusted were slightly 
different to accomodate the milling process.  Some of the 
peculiarities in the application of the center-of-gravity 
technique to the milling operation were as follows. 
The limited availability of speeds and feeds on the 
test machine poses a constraint on the smooth application 
of the technique.  This is because the speeds and feeds as 
dictated by the equilateral triangles cannot be set on the 
machine.  Instead, the closest speed and feed available on 
the machine were chosen.  This necessitated the use of 
right triangles instead of equilateral triangles as men- 
tioned earlier in preparing the graphical plot.  The only 
disadvantage with this is the direction indicated may be 
slightly in error initially but will correct itself as the 
optimum gets closer. 
Independent rectangular blocks, made from a single 
piece of bar stock to maintain the homogenity of the 
material were used as workpieces.  These blocks were ap- 
proximately of the same size and a face of the block was 
such that it could be machined in one pass. 
4 5 
A face milling fly cutter with only one throw away 
insert was used.  This was preferred because the insert 
can be removed from the cutter periodically and the tool 
wear conveniently measured by means of a tool maker's 
microscope.  The insert had eight cutting edges.  The 
cutter diameter was 7.62 cm (3 inches). 
The milling operation is controlled by two parameters. 
Cutter Speed:  The cutter speed in smpm (sfpm) can be 
determined when the speed of rotation of the cutter and 
cutter diameter are known. 
Feed:  The feed is described in terms of m (in) per tooth. 
It can also be defined in terms of feed rate,i.e., the 
movement of the table or workpiece in mm (in) per minute. 
The feed in mm per tooth was the parameter of interest. 
The relation between feed and feed rate is as follows: 
Feed (m/min) = .-, * '. '~ 
where     f = feed in m/tooth 
V = cutter speed in smpm 
k = No of teeth on cutter 
D = diameter of cutter 
Hence, the cutter speed V in smpm (sfpm) and the feed 
f in mm (in) per tooth were the two parameters considered 
for the economic improvement of the milling operation. 
The depth of cut was maintained constant at 1.905 mm 
(0.075 in). 
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Design of Experiment 
Work Material: The work material selected was AISI 4140 
steel with hardness of 250 BHN. This material possesses 
fairly uniform hardness. Since the center-of-gravity 
technique does not accommodate the hardness variation in 
the analysis this uniformly hardened material was preferred. 
Tool Material: The tool selected was carboloy 370 grade 
carbide. 
Its nominal composition is as follows: 
Tungsten Carbide    71% 
Tantalum Carbide    12% 
Titanium Carbide    12.5% 
Cobalt 4.5% 
Machining Conditions for the Starting Point 
Three sources were consulted to establish the machining 
conditions for the starting point to machine AISI 4140 steel 
with a depth of cut of 1.905 mm (0.075 in).  The recommended 
cutting conditions were: 
(6) Tool and Manufacturing Engineers Handbook 
This handbook recommended the following: 
speed = 60.96 smpm (200 sfpm) 
feed  = 0.3048 mm/tooth (0.012 in/tooth) 
Metal Handbook Vol. III(4) 
This handbook recommended the following conditions: 
speed = 121.92 smpm (400 sfpm) 
feed  = 0.3048 mm/tooth (0.012 in/tooth) 
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(3) Machinery's Handbook 
This handbook recommended the following conditions: 
speed = 91.44 smpm (300 sfpm) 
feed  = 0.2032 mm/tooth (0.008 in/tooth) 
The three recommendations were averaged and the 
averaged recommended cutting condition was determined, 
speed = 91.44 smpm (300 sfpm) 
feed  = 0.2794 mm/tooth (0.011 in/tooth) 
The complexity of the selection of the starting point was 
increased by the unavailability of desired speed and feed 
on the milling machine.  Since the milling machine had 
only a limited number of speeds and feeds, the recommended 
average machining conditions had to be adjusted according 
to the available speed and feed.  The machine was also 
not equipped with the capability of infinitely variable 
speed.  The f ol ] ou-.i r.g points were selected in order to 
set the search to the optimum. 
Point 1 
speed V = 99.1 smpm (325.15 sfpm) 
feed f = 0.2794 mm/tooth (0.011 in/tooth) 
The RPM set on the machine was 444 and the feed rate set 
was 117.475 mm/min (4.625 in/min). 
Point 2 
speed V -   79.72 smpm (261.54 sfpm) 
feed  f = 0.2794 mm/tooth (0.011 in/tooth) 
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The RPM set on the machine was 333 RPM and the feed rate 
set was 92.075 mm/min (3.625 in/min). 
Point 3 
speed V = 79.72 smpm (261.54 sfpm) 
feed  f = 0.3556 mm/tooth (0.014 in/tooth) 
The RPM set on the machine was 333 RPM and the feed rate 
set was 117.475 mm/min (4.625 in/min). 
The observations of the actual machining tests are 
shown in Appendix B. 
The machining time was determined based on actual 
length of the workpiece plus 6.35 mm.  This was done be- 
cause the tool was placed 6.35 mm from edge of the work- 
piece when the machine was switched on and the feed ap- 
plied.  This was felt by the author to expose a realistic 
job-shop situation. 
Cost Equation for a Milling Operation 
As mentioned earlier in Chapter 2, cost/piece = 
MR (MT + WCT) + N (MRxTCT + TC) + SF for the case of 
turning.  It was felt that in the case of the milling 
operation it would be more appropriate to use cost per 
3 
cubic cm (cost/in ) of metal removed rather than 
cost/workpiece.  Hence, the cost equation used was: 
Cost/cubic inch = MR (MT + WCT) + N (MRxTCT + TC) + SF 
where     MR = $0.15/min 
3 
MT = machining time per unit volume (min/in ) 
3 
WCT = work changing time per unit volume (min/in ) 
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N = number of cutting edges per unit volume 
(edges/in^) 
TCT = tool changing time (min/edge) 
TC = tool cost per edge ($/edge) 
SF = surface finish penalty cost per cubic inch 
($/in3) 
Machining time (MT) per cubic inch 
_ 4  
fxL xWxd 
where   L  = actual length of the workpiece 
+ 6.35 mm (0.25 in) 
L_ = actual length of the workpiece 
W = width of the workpiece 
d = depth' of material removed 
f = feed rate inch/minute 
The number of cutting edges per cubic inch (N) 
MT 
" TL 
where    TL = tool life 
tool life criteria       (time for actual 
x (actual wear on wear - time for 
tool - break-in wear)    break-in wear) 
Cost/cubic inch 
\+   SF I °»15 + 0.401- 
"" TT.  J f(L2xWxd) _        TL 
The points 1, 2 and 3 were tested at their respective con- 
ditions using a standard tool life criteria equal to 0.30 mm 
(0.0118 in) of wear.  The remaining points were calculated 
according to the center-of-gravity search scheme.  The 
sequence of steps in which the optimum was reached using the 
search scheme is shown in Figure 8.  The results are tabula- 
ted and shown below. sn 
Exhibit 4 
Point Speed (RPM) Feed (in/tooth) Cost/cm3 Cost/in3 
Cm/tooth 
1 414 0.028 (0.011) 0.0169 0.2770 
2 333 0.028 (0.011) 0.0215 0.3530 
3 333 0.036 (0.014) 0.0168 0.2760 
4 333 0.036 (0.014) 0.0170 0.2782 
5 414 0.043 (0.017) 0.0286 0.4692 
6 414 0.036 (0.014) 0.0136 0.2225 
7 414 0.036 (0.014) 0.0135 0.2216 
8 414 0.028 (0.011) 0.017 0.2787 
9 515 0.028 (0.011) 0.0136 0.2226 
10 414 0.036 (0.014) 0.0136 0.2221 
11 515 0.043 (0.017) 0.0380 0.6220 
12 515 0.036 (0.014) 0.0122 0.2007 
A worksheet for the milling operation to update the 
search procedure is presented in Exhibit #5. 
In order to determine the response surface optimum 
from the data available, the data was regressed by 
multiple linear regression.  The form of the equation 
regressed was the same as mentioned earlier. 
Y = A + BV + Cf + DV2 + Ef2 + F V f 
where     V = speed 
f = feed 
Y = index of performance 
A through F are constants obtained by regression anaysis, 
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Exhibit 5 
Machining Cost per Cubic Inch for the Milling 
Operation (updating procedure) 
Known Information 
Price of insert + tool holder depreciation P = 
Total number of cutting edges on tool insert E =-■■-■•• 
Machine operators rate ($/min) MR = 
Tool changing time (min/edge) TCT = 
3 
Work changing time (min/in ) WCT = 
Machining Time (MT) 
Work length + 0.25 in, L.. =   ins  Feed, f =   ipm 
3 
Volume of metal removed in one pass, Vol =   in 
Ll 3 Machining time per cubic inch = -=—-r,—r =   min/in 
^     ^ fxVol   
Tool life (TL) 
Tool life criteria (TLC) =   in/edge 
Tool weap (W) =   in/edge 
Time for wear (t) =   min/edge 
Tool life (TL) = TL^xt =   min/edge 
Number of cutting edges per cubic inch (N) 
= TL -   edges/in 
Cost per cutting edge (TC) 
TC = Jr =   $/edge 
Surface finish penalty cost (SF) 
SF =   $/in3 
Machining cost per cubic inch, COST 
^ - ^vSiT C °'15 + rt * SF - — ^"3 
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The above equation was partially differentiated with 
respect to V and f and the results were set equal to zero. 
These equations were solved simultaneously and V  , and M J
      opt 
f  , were determined, 
opt 
The results were: 
V  t = 128.9 smpm (423 sfpm) 
f  . = 0.032xl0~2 m/rev (.0127 in/rev) 
opt 
In the regression analysis performed speed and feed 
were the independent variables considered and the index of 
performance (1/cost) was the dependent variable. 
It can be seen that the point 12, at which the search 
was stopped, is close to the optimum point obtained using 
the regression model. 
At this stage, it was decided to calculate the angle 
using points 13, 14 and 15 just to check the next move and 
the direction of movement beyond the accepted optimum 
point 12.  The direction indicated was such that further 
machining was not possible since the 600 RPM speed that 
was essential at points 17 and 18 was not available on 
the machine.  Instead 635 RPM had to be used.  This cutting 
condition provided a very bad surface finish and high tool 
wear.  As a consequence, the cost per cubic cm of metal 
rempved was extremely high.  When the regression model was 
/fitted to the data on all the eighteen points the optimum 
point shifted considerably giving erroneous results. 
5'4 
Therefore, it was decided to delete points 17 and 18, 
Point 13 (same as point 12) was accepted as the optimum. 
The cost reduction achieved by testing twelve points was 
28% over the average recommended cutting conditions. 
55 
CHAPTER 
THE CENTER-OF-GRAVITY TECHNIQUE AS 
APPLIED TO THE DRILLING OPERATION 
The Center-of-Gravity Technique Applied to the 
Drilling Operation 
This chapter is intended to deal exclusively with 
the application of the center-of-gravity technique to the 
drilling operation.  Some of the peculiarities in the ap- 
plication are discussed below: 
Similar to the milling process, the limited 
availability of speeds and feeds on the drill press used 
for the research poses a severe constraint on the ef- 
fective applicability of the center-of-gravity technique 
to the drilling operation. 
In order to determine the cost of operation at a 
particular speed and feed using the cost equation developed 
earlier, the wear on the drill needs to be measured. 
However, since the measurement of drill wear is difficult 
and the wear values in drilling are highly variable, some 
other criteria that would determine the amount of tool 
consumed per hole had to be considered.  The criteria that 
was applied was the reciprocal of the total number of holes 
drilled until tool failure occurred for the particular 
tool at a particular cutting condition.  If the total 
number of holes drilled until tool wear is say 25 holes, 
then the amount of tool consumed per hole is 1/25 edges/hole. 
The cost of drill prohibits the use of an unused 
drill bit each time the speeds and feeds are changed. 
Some of the problems encountered in using already used 
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drill bits are mentioned in the latter part of this 
section. 
Considering the drilling process, the parameters to 
be adjusted on the machine are: 
Drill Speed: 
The drill speed in smpm (sfpm) can be determined when 
the speed of rotation of the drill spindle and drill bit 
diameter are known. 
Feed: 
The feed in the drilling operation is described in 
terms of mm per revolution or inches per revolution. 
The drill speed (V) in smpm (sfpm) and the feed (f) 
in meters per revolution (in/rev) were the two parameters 
considered for economic improvement of the drilling opera- 
tion.  The length of the hole drilled was maintained con- 
stant at 5.08 cm or 2 inches. 
Design of Experiment 
Work Material 
The work material selected was AISI 1020 with a hard- 
ness of 120 BHK.  Since this material possesses fairly 
uniform hardness through the cross-section it was preferred 
for the research. 
The workpiece used was a rectangular block of size 
approximately 10 cm (4 in) by 15 cm (6 in) by 7.6 cm (3 in). 
Holes were drilled on opposite sides of the rectangular 
block in such a way that the material was efficiently 
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used. 
Tooling 
The drill bit selected was 6.75 mm (17/64 inch) 
diameter HSS taper shank twist drill. 
Machining Conditions for the Starting Point 
Three sources were consulted to establish the 
machining conditions for the starting point to drill AISI 
1020 material to a length of 5.08 cm (2 inches).  The 
recommended cutting conditions were: 
Metals Handbook Vol II i4> 
This handbook recommended the following conditions 
speed (V) = 27.43 smpm (90 sfpm) 
feed (f) = 0.0762 mm/rev (0.003 in/rev) 
(3) Machinery's Handbook 
This handbook recommended the following conditions 
speed (V) = 27.43 smpm (90 sfpm) 
feed (f) = 0.0762 mm/rev (0.003 in/rev) 
,i 47) Kempe's Engineers Handbook Vo! 
This handbook recommended the following conditions: 
speed (V) = 22.86 smpm (75 sfpm) 
feed (f) = 0.0762 mm/rev (0.003 in/rev) 
These three recommendations were averaged and the 
average recommended cutting condition was determined. 
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speed (V) = 25.91 smpm (85 sfpm) 
feed (f) = 0.1016 mm/rev (0.004 in/rev) 
The speed in smpm (sfpm) were converted into revolu- 
tions per minute at the drill using the diameter of the 
spindle and the drill bit. 
The following cutting conditions were selected in 
order to start the search towards the optimum.  These are 
shown in Figure  9. 
Point 1   speed (V) = 1307 RPM 
feed (f) = 0.1016 mm/rev (0.004 in/rev) 
Point 2   speed (V) = 1100 RPM 
feed (f) = 0.1016 mm/rev (0.004 in/rev) 
Point 3   speed (V) = 1200 RPM 
feed (f) = 0.1905 mm/rev (0.0075 in/rev) 
The observations of the actual machining tests are 
given in Appendix C. 
Cost Equation for a Drilling Operation 
In the case of the drilling operation, cost per hole 
drilled was the index of performance of interest. 
Cost/hole = MR (MT + WCT) + N (MRxTCT + TC) 
where     MR = $0.15/min 
TCT = 1 min/drill 
TC = $3.25/drill 
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WCT = min/hole = 0 
MT = min/hole 
N = drills/hole 
Machining Time per Hole (MT) 
L  
~ f n 
where     L  = length of the hole drilled (in/hole) 
f -   feed in m/rev (in/rev) 
n  = speed of drill bit in RPM 
Number of Drills per Hole (N) 
MT 
TL 
where     TL = time taken to wear tool completely 
(min/drill) 
MT N MTX # of holes drilled 
1_ 1 
number of holes drilled  ~ H 
Machininc cost/hole 
(0.15) L    3.40 
f n        H 
The points 1, 2 and 3 were tested at their respective 
cutting conditions.  The criteria applied to terminate the 
actual machining phase was based on the operator's judgement 
When the operator felt that the tool was beginning to seize, 
or the vibrations were too high, or when the squealing 
noise was excessively loud, the drilling operation was 
terminated with the particular drill bit.  This kind of a 
policy which is subject to inconsistency was adopted due 
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Figure 9 
DRILLING OPERATION 
Feed in/rev 
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,010< 
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AV = 200 RPM 
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1100       1300 
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to the following reasons. 
1. Since the drill wear couldn't be measured for reasons 
mentioned earlier, there was no way of determining from 
the tool whether it was fit to drill further or not. 
2. An attempt was made to use torque to indicate wear. 
On the assumption that the cutting forces will tend to in- 
crease as the tool wear increased, the drill torque was 
measured to establish a possible relationship between the 
drill wear and torque.  However, this could not be achieved 
since the torque did not linearly increase with drill 
wear.  Hence, this approach had to be abandoned. 
3. It seemed that in a typical job-shop situation, the 
drill changes were normally made by the operator himself 
and hence the decision was made to adopt the same policy. 
The remaining points were determined using the center- 
of-gravity search scheme.  The search path taken by the 
center-of-gravity technique is shown in Figure 9.  The re- 
sults are tabulated and shown below. 
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Exhibit 6 
Point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Speed 
SMPM RPM 
27.70 1307 
23.32 1100 
25.44 1200 
27.70 1307 
28.83 1360 
26.70 1260 
27.70 1307 
29.25 1380 
31.79 1500 
Feed 
mm/rev   in/rev 
0.1016 
0.1016 
0.1905 
0.1016 
0.0254 
0.0254 
0.1016 
0.1905 
0.1016 
0.0040 
0.0040 
0.0075 
0.0040 
0.0010 
0.0010 
0.0040 
0.0075 
0.0040 
Cost 
$/hole 
0.2037 
0.2310 
0.6000 
0.1250 
0.3100 
0.5800 
0.1643 
0.7090 
0.7300 
As can be seen above, point 1 was repeated i.e., 
(point 4) since it happened to be the least cost point 
among the three points chosen at the start of the search. 
Point 7 is also the same as point 1.  However, the cost 
for this point was determined by averaging the costs 
obtained at points 1 and 4. 
A work sheet for the drilling operation to update 
the search procedure is presented in Exhibit 7. 
It can be seen from Exhibit 6 that the recommended 
cutting condition is the least cost cutting condition as 
confirmed by the center-of-gravity search scheme. 
In the application of the center-of-gravity tech- 
nique to the drilling operation the author encountered 
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Exhibit 7 
Work Sheet for the Drilling Operation 
Machining Cost per Hole (updating procedure) 
Known Information 
Drill cost (TO $/drill = 
Machine Operators' rate ($/min) MR = 
Tool changing time (min/drill) TCT = 
Work changing time (min/hole) WCT = 
Machining Time per Hole (MT) 
Length of hole drilled (in/hole) L = 
Feed (in/rev) f =  
Speed (RPM) V =  
Machining time per hole = -? 
n 
min/hole 
Number of Drills per Hole (N) 
Total number of holes drilled H = 
Number of drills per hole = — =     drills/hole 
H 
Machining Cost/hole 
(0.15) L   3.40 
+ f n       H 
$/hole 
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several problems. 
1. The workpiece hardness should be uniform across the 
cross-section if the center-of-gravity technique is to be 
applied to the drilling operation.  This is necessary due 
to the fact that any variation in hardness is likely to 
wear the drill in a random fashion thereby providing er- 
roneous results especially when independent blocks of the 
same material are used. 
2. The determination of tool life was one of the very 
serious problems encountered.  The criteria to stop 
drilling at a particular cutting condition is dependent on 
the operators' judgement which is likely to be inconsistent, 
This problem was created by the fact that the drill wear 
cannot be measured directly from the drill.  Therefore, 
in applying an off-line search technique to the drilling 
operation, the tool life criteria problem seems to be a 
difficult one. 
3. The drill used for testing purposes should necessarily 
be factory ground and finished.  In other words, it is es- 
sential that the drill bits used be as uniform as possible 
because once the drills are reground, it is impossible to 
obtain the same tool geometry on all the tools. 
All these factors mentioned above seem to complicate 
the application of an off-line search technique to the 
drilling operation in a typical shop-floor environment. 
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CHAPTER  6 
CONCLUSIONS 
Conclusions 
1. The machining conditions recommended in the machin- 
ability handbooks tend to be conservative and not neces- 
sarily representative of the optimum.  The application of 
the center-of-gravity technique generally leads to an 
improved set of machining conditions without the use of 
expensive monitoring equipment etc., in a relatively 
short period of time. 
2. The center-of-gravity technique is one of the off-line 
methods that can be used to determine the optimum machining 
conditions.  This technique uses a three point test pattern 
preferably in the shape of an equilateral triangle.  The 
triangles are predetermined such that the average recom- 
mended condition is a point on one of the triangles.  Be- 
cause of the fixed triangular pattern, the step size is 
fixed. 
3. The stopping criteria is very important in the ap- 
plication of the technique.  The technique should be al- 
lowed to retrace the path already taken at least three 
times before confirming the optimum. 
.     Replications at each cutting condition were not 
found to improve the index of performance significantly 
with the fixed triangular pattern. 
5. The center-of-gravity technique was successfully ap- 
plied to the turning operation: 
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Turning I 
The cost per workpiece at the average recommended 
cutting condition: 
ie., at   V = 92 smpm (302 sfpm) 
f = 0.3 mm/rev (0.011 in/rev) 
cost/workpiece = $1.1455 
On application of the center-of-gravity technique the 
cost per workpiece was: 
cost/workpiece = $0.9133 
Hence, the machining cost was reduced by 20%. 
Turning II 
The cost per workpiece at the average recommended 
cutting condition was: 
cost/workpiece = $1.1400 
On application of the center-of-gravity technique, the 
cost per workpiece was: 
cost/workpiece = $0.8063 
Hence, the machining cost was reduced by 29%. 
6.   The center-of-gravity technique was also successfully 
applied to the milling operation.  The cost per cubic cm 
at the average recommended cutting condition: 
At        V = 99.1 smpm (325.15 sfpm) 
f = 0.3 mm/tooth (0.011 in/tooth) 
cost/cu cm = $0.0169 ($0.2770/in3) 
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On application of the center-of-gravity technique the cost 
per cubic cm was: 
cost/cu cm = $0.0122 ($0.2007/in3 
Hence, the machining cost was reduced by 28%. 
7.  The applicability of the center-of-gravity technique to 
the drilling operation is limited since a large number of 
parameters have to be controlled.  The application of the 
center-of-gravity technique did not improve the index of 
performance as compared to the average recommended cutting 
condition. 
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CHAPTER  7 
SCOPE FOR FUTURE STUDIES 
Recommendations For Future Studies 
It is evident that the application of the center-of- 
gravity search scheme results in improved set of machining 
conditions in relatively less time.  However, it is felt 
by the author that further improvements could be achieved 
by continuing the research in the following areas: 
1. The size of the grid namely the eguilateral triangles 
considered should be such that data over the entire range 
of usable speeds and feeds are available before fitting 
the regression equation to conclude the optimum.  This 
would minimise the possibility of the search technique to 
pursue a local optimum. 
2. The work materials used in the Manufacturing Process 
Laboratory at Lehigh University were of fairly uniform 
hardness.  The algorithms  developed for the various 
machining processes should be such that the hardness 
variability is incorporated since in a typical job-shop 
situation the workpieces that come in may not be of uni- 
form hardness.  Hence, it would be beneficial to the in- 
dustry if research is directed along these lines. 
3. Computers can be used to a considerable extent to 
perform the calculations in a relatively short period of 
time.  This would considerably reduce the burden on the 
operator to go through the calculations and selection of 
points.  Hence it would be of tremendous assistance to the 
69 
operators if all they had to do was just read off the 
data and obtain the cutting conditions with which to 
operate, directly from a computer terminal. 
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<u E • o   • o   • o • o • o 0)  E • o   • o •  O      •  O      •  O 
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Appendix B 
Point 1 
speed = 99.1 smpm   (325.15 sfpm) 
feed  = 0.2794 mm/tooth   (0.011 in/tooth) 
Wear 
No of passes     Cum time      mm      ins      S.F, 
1 1.38        0.0381  0.0015 
2 2.76        0.0483  0.0019     70 
3 4.14 
4 5.51        0.0635  0.0025     72 
5 6.89 
6 8.27        0.0737  0.0029     67 
7 9.65 
8 11.03        0.0889  0.0035     67 
9 12.41 
10 13.78 0.1041  0.0041     65 
11 15.16 
12 16.54 0.1118  0.0044     61 
13 17.92 
14 19.30 0.1168  0.0046     63 
15 20.68 
16 22.054 0.1245  0.0049     64 
Workpiece: L  = 15.56 cm (6.235 in) 
W  = 4.286 (cm) (1.6875 in) 
d  = 0.1905 (cm) (0.075 in) 
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Point 2 
speed = 79.72 smpm (261.54 sfpm) 
feed = 0.2794 (mm/tooth)   (0.011 in/tooth) 
Wear 
No of passes Cum time       mm     ins       S.F. 
1 1.76 0.0508  0.002 
2 3.52 
3 5.28 0.0787  0.0031     95 
4 7.03 
5 8.79 0.0965  0.0038     95 
6 10.55 
7 12.31 0.1041  0.0041     80 
8 14.07 
9 15.83 0.1143  0.0045     95 
10 17.59 
11 19.345 0.1219  0.0048     76 
Workpiece:  L  = 15.56 Cm (6.125 in) 
W  = 4.286 Cm (1.6875 in) 
d  = 0.1905 (0.075 in) 
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Point 3 
speed = 79.72 smpm   (261.54 sfpm ) 
feed  = 0.3556 mm/tooth   (0.014 in/tooth) 
Wear 
No of passes     Cum time      mm      ins      S.F. 
1 1.38 0.033   0.0013     110 
2 2.76 0.4318  0.0017     110 
3 4.14 
4 5.51 0.0533  0.0021     110 
5 6.89 
6 8.27 0.0610  0.0024     120 
7 9.65 
8 11.03 0.0737  0.0029     120 
9 12.41 
10 13.78 0.0813  0.0032     120 
11 15.16 
12 16.54 0.0914  0.0036     125 
13 17.92 
14 19.30 0.1067  0.0042     100 
15 20.68 
16 22.054 0.1143  0.0045     125 
Workpiece:  L  = 15.56 Cm (6.125 in) 
W =--   4.286 Cm (1.68 75 in) 
d  =■. 0.1905 Cm (0.0^5 in) 
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Point 4 
speed = 79.72 smpm  (261.54 sfpm ) 
feed = o.3556 mm/tooth   (0.014 in/tooth ) 
Wear 
No. of passes Cum time       mm      ins      S.F. 
1 1.38 0.0508  0.002      90 
2 2.76 0.0635  0.0025    100 
3 4.14 
4 5.51 0.0762  0.0030     95 
5 6.89 
6 8.27 0.0914  0.0036     90 
7 9.65 
8 11.03 0.1016  0.0040     95 
9 12.41 
10 13.78 0.1143  0.0045     95 
11 15.16 
12 16.54 0.1245  0.0049     95 
Workpiece:  L  = 15.56 Cm (6.125 in) 
W  = 4.286 Cm (1.6875 in) 
d  = 0.1905 Cm (0.075 in) 
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Point 5 
speed = 99.1 smpm   (325.15 sfpm) 
feed  = 0.4318 mm/tooth   (0.017 in/tooth) 
Wear 
No of passes     Cum time      mm     ins       S.F. 
1 0.84 
2 1.69 0.0635  0.0025     160 
3 2.53 
4 3.38 0.0787     0.0031 160 
5 4.22 
6 5.07 0.0914  0.0036     155 
7 5.91 
8 6.76 0.1067  0.0042     150 
9 7.60 
10 8.45 0.1168  0.0046     150 
11 9.29 
12 10.138        0.1219  0.0048     150 
Workpiece  L  = 14.92 Cm   (5.875 in) 
W  =4.33 Cm   (1.703 in ) 
d  = 0.1905 Cm  ( 0.075 in ) 
Point 6 
speed   : =   99.1   snr ipm (325.15 sf pm) 
feed =   0.3556 mm/t< Doth        (0 .014   in/ti ooth) 
No  of passes Cum   time 
Wear 
mm               ins S.F 
1 1.108 0.0483 0.0019 95 
2 2.217 
3 3.326 0.0610 0.0024 100 
4 4.435 
5 5.544 0.0762 0.0030 100 
6 6.652 
7 7.761 0.0838 0.0033 100 
8 8.8 70 
9 9.978 0.094 0.0037 100 
10 11.087 
11 12.196 0.0991 0.0039 100 
12 13.304 
13 14.413 0.1041 0.0041 100 
14 15.52 
15 16.631 0.1168 0.0046 100 
16 17.739 
17 18.848 0.1219 0.0048 100 
Workpiece  L„ = 15.56 Cm (6.125 in) 
W  = 4.286 Cm (1.6875) 
d  = 0.1905 Cm (0.075) 
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Point 7 
speed = 99.1 smpm   (325.15 sfpm) 
feed  = 0.3556 mm/tooth   (0.014 in/tooth) 
Wear 
mm      ins      S.F, No of passes Cum time 
1 1.065 
2 2.130 
3 3.196 
4 4.261 
5 5.326 
6 6.391 
7 7.457 
8 8.523 
9 9.587 
10 10.652 
11 11.718 
12 12.783 
13 13.848 
14 14.913 
15 15.979 
16 17.044 
17 18.109 
Workp iece  L„ = 
W  = 
0.0432  0.0017 95 
0.0559  0.0022 95 
0.0711  0.0028 95 
0.0838  0.0033 95 
0.0940  0.0037 95 
0.1016  0.0040 95 
0.1092  0.0043 95 
0.1168  0.0046 90 
0.1219  0.0048 90 
14.92 Cm   (5.875 in) 
4.33 Cm   (1.703 in) 
0.1905   (0.075 in) 
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Point 8 
speed = 99.1 smpm  (325.15 sfpm ) 
feed  = 0.2794 mm/tooth   (0.011 in/tooth) 
wear 
No of passes Cum time mm ins S.F 
1 1.38 0.0432 0.0017 73 
2 2.76 
3 4.14 0.0711 0.0028 72 
4 5.51 
5 6.89 0.0787 0.0031 70 
6 8.27 
7 9.65 0.0889 0.0035 68 
8 11.03 
9 12.41 0.1067 0.0042 67 
10 13.78 
11 15.16 0.1143 0.0045 68 
12 16.54 
13 17.9192 0.1270 0.0050 67 
Workpiece  L  = 15.56 Cm   (6.125 in ) 
W  = 4.286 Cm (1.6875 in) 
d  - 0.1905 Cm    (0.075 in) 
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Point 9 
speed = 123.29 smpm   (404.48 sfpm) 
feed  = 0.2794 mm/tooth   (0.011 in/tooth) 
No of passes Cum time 
Wear 
mm      ins S.F 
1 1.065 0.0406 0.0016 55 
2 2.13 
3 3.196 0.0559 0.0022 46 
4 4.261 
5 5.326 0.0711 0.0028 45 
6 6.391 
7 7.457 0.0813 0.0032 44 
8 8.523 
9 9.587 0.0940 0.0037 44 
10 10.652 
11 11.718 0.1041 0.0041 43 
12 12.783 
13 13.848 0.1118 0.0044 44 
14 14.913 
15 15.9 78 0.1168 0.0046 42 
Workpiece  L  = 14.92 Cm   (5.875 in) 
W  = 4.33 Cm   (1.703 in) 
d  = 0.1905 Cm   (0.075 in) 
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Point 10 
speed = 99.1 smpm   (325.15 sfpm) 
feed  = 0.3556 mm/tooth   (0.014 in/tooth) 
This point is the same as points 6 and 7.  Hence the cost 
values were averaged. 
Point 11 
speed = 123.29 smpm   (404.48 sfpm) 
feed  = 0.4318 mm/tooth   (0.017 in/tooth) 
Wear 
No of passes     Cum time       mm      ins      S.F. 
1 
2 1.324       0.0508  0.002      175 
3 
4 2.649       0.0711  0.0028     175 
5 
6 3.973 0.0787     0.0031 175 
7 
0.0838  0.0033     175 
9 
10 6.622       0.0914  0.0036     165 
11 
12 7.946       0.0991  0.0039     165 
13 
14 9.271       0.1067  0.0042     180 
15 
16 10.595       0.1168  0.0046     175 
Workpiece  L  = 14.92 Cm   (5.875 in) W = 4.286 Cm 
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Point 12 
speed = 123.29 smpm  < 404.48 sfpm) 
feed  = 0.3556 mm/tooth   < 0.014 in/tooth) 
No of passes     Cum time 
Wear 
mm      ins S.F 
1 0.845 0.0483 0.0019 135 
2 1.69 
3 2.535 0.0610 0.0024 130 
4 3.3 79 
5 4.224 0.0813 0.0032 130 
6 5.069 
7 5.914 0.0889 0.0035 120 
8 6.759 
9 7.604 0.0965 0.0038 125 
10 8.448 
11 9.293 0.1067 0.0042 125 
12 10.138 
13 10.983 0.1168 0.0046 125 
Workpiece  L  = 14.92 Cm  < 5.875 in) 
W  = 4.286 Cm  < 1.6875 in) 
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Point 13 
speed = 123.29 smpm (404.48 sfpm) 
feed  = 0.3556 mm/tooth (0.014 in/tooth) 
The data for point 12 was used in this case.  Hence the 
cost was the same as for point 12. 
Point 14 
speed = 99.1 smpm (325.15 sfpm) 
feed  = 0.2794 mm/tooth (0.011 in/tooth) 
This point is the same as points 1 and 8.  Hence the cost 
was determined by averaging the costs at points 1 and 8. 
Point 15 
speed = 123.29 smpm (404.48 sfpm) 
feed  = 0.2794 mm/tooth (0.011 in/tooth) 
This point is the same as point 9.  Hence the data for 
point 9 was used and the cost evaluated. 
Point 16 
speed = 123.29 smpm (404.48 sfpm) 
feed  = 0.3556 mm/tooth (0.014 in/tooth) 
This point is the same as points 12 and 13.  Hence the cost 
considered was same as point 12. 
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Point 17 
speed = 152.01 sjjnpm (498.73 sfpm) 
feed  = 0.4318 mm/tooth (0.017 in/tooth) 
wear 
mm        ins        S.F. 
0.1067    0.0042       950 
0.1930    0.0076       900 
1492 Cm (5.875 in)    W = 4.33 Cm (1.703 in) 
Point 18 
speed = 152.01 smpm (498.73 sfpm) 
feed  = 0.3556 mm/tooth (0.014 in/tooth) 
wear 
No of passes      Cum time      mm        ins        S.F. 
1 0.66 
2 1.32        0.1143    0.0045       750 
Workpiece  L  = 14.92 Cm (5.875 in) 
W  = 4.33 Cm (1.703 in) 
No of passes Cum time 
1 0.533 
2 1.065 
3 1.598 
4 2.13 
Workpiece: L =  
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Appendix C 
Point #1 
Point #2 
Point #3 
Point #4 
Point #5 
V = 130 7 RPM (27.7 smpm) 
f = 0.102 mm/rev (0.004 in/rev) 
# of holes = 2 3 
V = 1100 RPM (23.32 smpm) 
f = 0.102 mm/rev (0.004 in/rev) 
# of holes = 21 
V = 1200 RPM (25.44 smpm) 
f = 0.1905 mm/rev (0.0075 in/rev) 
# of holes = 16 
V = 1307 RPM (27.7 smpm) 
f = 0.102 mm/rev (0.004 in/rev) 
# of holes = 47 
V = 1360 RPM (28.83 smpm) 
f = 0.038 mm/rev (0.0015 in/rev) 
# of holes = 21 
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Point #6 
Point #7 
Point #8 
Point #9 
V = 1260 RPM (26.70 smpm) 
f = 0.038 mm/rev (0.0015 in/rev) 
# of holes = 8 
V = 1307 RPM (27.7 smpm) 
f = 0.102 mm/rev (o.004 in/rev) 
# of holes = 47 
V = 1380 RPM (29.25 smpm) 
f = 0.1905 mm/rev (0.0075 in/rev) 
# of holes = 5 
V = 1500 RPM (31.7 smpm) 
f = 0.102 mm/rev (0.004 in/rev) 
# of holes = 5 
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Appendix D 
Equipment and Instrumentation 
1. Lodge and Shipley heavy duty engine lathe, 
2. Varidyne Control Unit 
The U.S. Electric Motor Co. 
3. Tool Maker's Microscope - Type 33-14-06 
Bausch and Lomb Optical Co. 
4. Jagabi Speed Indicator - Cat. No. 9911 
James G. Biddle Co. 
5. Surface finish indicator 
Brush Instruments. 
6. Cincinnati Mil Ling Machine 
The Cincinnati Milling Machine Co. 
7. Edlund drilling machine 
The Edlund Machinary Co., Inc. 
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